Abstract. In chronic schistosomiasis mansoni the major pathologic lesions are granulomas surrounding eggs deposited in host tissues. Parasite ova release antigenic material that sensitize the host, resulting in the development of delayed-type hypersensitivity granulomas. The objectives of the present study were to assess the ability of components of the host granulomatous response to induce biochemical and biologic alterations in eggs in vitro, and to correlate these with the capacity of ova to induce granulomas in vivo. An assay of egg tricarboxylic acid cycle activity was developed by use of 2-['4C]acetate as substrate and measurement of accumulation of released '4C02. Addition of human granulocytes (96% neutrophils, 4% eosinophils) to eggs (cell/ egg ratio 1,000:1) and heat-inactivated normal human serum reduced predicted egg '4CO2 generation by 15.6±3.0%. This effect was greater in the presence of sera of subjects with schistosomiasis (25.6±2.8% reduction) or when complement was present (24.4±4.0%). Autologous eosinophils and neutrophils were equally effective in decreasing egg 2-[14C]acetate metabolism (25.6 and 21.4% reductions, respectively). Since the biological role of schistosome eggs relates to their ability to hatch and produce miracidia, we evaluated the effect of granulocytes and sera on this function. The hatching rate of eggs incubated with normal serum was 52.8±3.3 miracidia/100 eggs; this value decreased to 37.0±2.6 when granulocytes were added (P < 0.01). Granulocytes plus antibody-or complement-containing sera led to hatching rates of 23 and 20 miracidia/l00 eggs. When
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Introduction
In chronic schistosomiasis mansoni, the major pathological lesions consist of granulomas which develop around eggs deposited in the liver, intestines, and other tissues of infected hosts. The immunological basis of granuloma formation and its importance in morbid complications, such as hepatomegaly and portal hypertension have been extensively studied (1) . In contrast, the role of the various cellular constituents of the host granulomatous response in determining the magnitude of tissue destruction and elimination of parasite eggs is not well understood. Eosinophils comprise >50% of granuloma cells in the early phases of their development. The remaining cellular elements include lymphocytes, macrophages, giant cells, and fibroblasts (2) . Inspection of serial histopathological sections of hepatic granulomas showed that eosinophils adhere tightly to the egg surface (3) . Degranulation of eosinophils around schistosome ova and invasion of the egg shell also have been observed (3) . In vitro, murine eosinophils, but not neutrophils or other leukocytes, have been demonstrated to attach to schistosome eggs and produce morphological alterations in their structure (4) (5) (6) (7) . Eosinophil-mediated egg damage depended upon the presence of cytophilic antibodies (5) and was enhanced by the addition of lymphokines (6) . Recent in vivo studies of murine schistosomiasis mansoni confirmed that the eosinophil is an important effector cell in egg destruction (8). When mice infected with Schistosoma mansoni were depleted of eosinophils by repeated administration of anti-eosinophil serum, they were observed to have smaller granulomas with fewer eosinophils than did control animals. This was accompanied by the retention of an increased number of eggs in the livers of eosinophil-depleted mice and, consequently, more extensive tissue damage. Furthermore, in these studies we found that the absence of eosinophils in host granulomas resulted in a marked decrease in the rate of egg destruction. Further investigations of the possible deleterious effects of eosinophils and other leukocytes on parasite ova have been hampered by the multicellular nature of the target eggs, their hard shell, the lack of biologically relevant, quantifiable measures of parasite damage.
We describe here the effects of human eosinophils, neutrophils, and mononuclear cells on biochemical, parasitological, and immunological functions of S. mansoni eggs in vitro.
Since schistosome eggs metabolize 2-["C]acetate at a rate higher than that reported for human granulocytes, we used this difference in apparent TCA cycle activity to study the metabolic effects of human effector cells on S. mansoni eggs in vitro. Both neutrophils and eosinophils significantly inhibited conversion of 2-["C]acetate to "CO2 by eggs. This metabolic alteration in schistosome ova was associated with impairment of biologically relevant egg functions, including hatching of miracidia and elicitation of pulmonary granulomas after injection into mice. Granulocyte-mediated egg damage occurred in the presence of heat-inactivated normal human serum and was enhanced by the addition of sera containing anti-egg antibodies or complement.
Methods
Isolation of S. mansoni eggs. Parasite eggs were obtained from the livers and intestines of CF1 mice (Carworth Farms, New City, NY) infected with 200 cercariae of a Puerto Rican strain of S. mansoni (9) . Freshly dissected organs were perfused with cold (4°C) 1 In vivo granuloma formation. Eggs incubated with human granulocytes or mononuclear cells for 24 h were washed three times in complete medium, adjusted to 2,000 ova per 0.5 ml 0.9% NaCl, and injected intravenously into CFl mice. At 8 d, the animals were killed, and their lungs were inflated with buffered 10% formalin and processed for determining granuloma area with a 7rMc particle measurement computer (Millipore Corp., Bedford, MA) (16) . Results are expressed as the mean area of granulomas per group of experimental animals.
Soluble antigens of S. mansoni eggs (SEA) (1 mg/ml phosphatebuffered saline, pH 7.0) were also prepared (17) and conjugated to Sepharose 4 B beads by the cyanogen bromide method as directed by the manufacturer (Pharmacia Fine Chemicals). The SEA-conjugated beads (10% vol/vol in RPMI) were then incubated for 24 h with 2% hiIHS in the absence or presence of 5 X 106 granulocytes. Sepharose bead suspensions were subsequently washed three times in RPMI to remove nonadherent serum factors and cells. The particles were then injected intravenously into CFl mice and lung granuloma diameters around embolized beads determined as described above. Beads with a similar diameter in histologic sections were selected for analysis.
Hatching of miracidia from S. mansoni eggs. Eggs were incubated alone or with cells (granulocytes or mononuclear cells) at a cell/target ratio of 1,000:1 and 2% vol/vol of various sera in 4 ml complete medium as described above. At the end of the 24-to 48-h incubation period, the eggs were suspended in 5 ml spring water and exposed to light for 1 h, and the released miracidia were fixed by addition of 0.1 ml of 1% aqueous iodine solution (Fisher Scientific Co.). 200 miracidia and eggs were then counted by microscopic inspection to determine the percentage hatching. Results are expressed as the hatching rate (percent) which was calculated by the following formula: [(number of miracidia)/(number of miracidia + number of unhatched mature eggs)] X 100%.
Statistics. The t test was used to assess the significance of difference between observed means. 24 and 96 h was significant only with the higher ova numbers (Fig. 1) . When 5 X 103 eggs were subjected to three cycles of freezing and thawing and incubated with 2-['4C]acetate, the amount of '4C02 generated was from 4 to 18% of that released from an equal number of live eggs at each time interval studied (Fig. 1) .
Results

Generation
The effects of various metabolic inhibitors on apparent egg TCA cycle activity are shown in Table I (Table  II) . When hiIHS was used (obtained from I Brazilian and 5 Kenyans with S. mansoni infection), the mean counts per minute for '4C02 generation by eggs was 18% less than the mean value with hiNHS (P < 0.01) (Table II) Comparison of the ability of eosinophils and neutrophils to reduce egg "C02 generation from 2-["C]acetate. When purified suspensions of eosinophils (85-100% purity) or neutrophils (98-100% purity) were mixed with eggs at a ratio of 100:1 and 2% flHS, no difference between the two cell types in the mean percentage reduction of predicted 14C02 accumulation was observed (Table IV) . There was also no difference when results of experiments with neutrophils and eosinophils from the same donors were compared (Table IV) In vivo granuloma formation around S. mansoni eggs and antigen-coated beads. Eggs (>85% mature) were incubated for 24 h with granulocytes and various sera, and injected intravenously into CFl mice; 8 d later the lungs were removed for granuloma measurements. Eggs pre-incubated with hiNHS, in the absence of cells, elicited granulomas with a mean area of 52,783±3,290 Aim2 (standard error). The substitution of hiNHS by hiIHS or addition of fGPS to hiNHS or hiIHS had no significant effect on the size of pulmonary granulomas (Table  V) . In contrast, the addition of granulocytes (cell/target ratio 1,000:1) to eggs incubated in hiNHS and hiGPS resulted in a significant reduction (45%) of granuloma area (P < 0.01). Similar granulocyte-induced decreases in granuloma area were shown after incubations with serum containing antibodies (32%, P < 0.02) or complement (40%, P < 0.001) ( Table V) . No (14) , it is known that pyruvate (a product of glycolysis) is oxidized in the formation of acetyl coenzyme A, which then reacts enzymatically with oxaloacetate to form citrate in the TCA cycle (21 (22) (23) (24) (25) (26) (27) . James and Colley showed that murine leukocytes adhered to S. mansoni eggs in vitro; morphologic destruction of parasites was only seen after incubation with eosinophil-rich preparations (4) (5) (6) (7) . The discrepancy between our results and those of James and Colley may be related to several factors, such as the method of detecting parasite mortality (metabolic assay vs. morphology), source of leukocytes (human vs. murine), and the purity and origin of cellular preparations (peripheral blood vs. peritoneal exudate).
Multiple in vitro studies have shown that granulocytes and other cell types can deliver products that may eventually kill S. mansoni (22) (23) (24) (28) (29) (30) . These effector mechanisms have been related to the release of oxidants (24) , basic and cationic proteins (31, 32), enzymes (33) , or other undefined substances (30) . Most important to our understanding of schistosomiasis, however, is the biological relevance of these in vitro assays of parasite damage. In the present study, we found that granulocyte-mediated alterations of egg TCA cycle activity were associated with an impaired ability of ova to release miracidia, the parasite stage that infects the obligatory snail vector. The in vitro model of granulocyte-egg interaction described here may thus be useful for further delineation of the subcellular basis of host effector cell-mediated damage, as it culminates in a deleterious effect on a biologically important and quantifiable egg function.
The host granulomatous response mounted around S. mansoni eggs is a delayed hypersensitivity reaction to soluble antigens, which are continuously secreted by ova; depletion of antigens from eggs before exposure to the host results in the formation of smaller granulomas than when control ova are used (20, 34) . In the present study, it was found that preincubation of eggs with human granulocytes or mononuclear cells with or without antibody-or complement-containing sera resulted in reduction of granuloma formation upon subsequent injection of the ova into mice. Diminished elicitation of these pathologic lesions appeared to be related to a deleterious effect of human granulocytes on the immunogenicity of eggs, as similar treatment of antigen-coated Sepharose beads also led to smaller granuloma size as compared with granuloma size when preparations pre-incubated without leukocytes before injection into mice were used. Corroborative evidence that alterations in egg antigen secretion are responsible for decreased granuloma formation has been provided in cell-free studies of eggs exposed to artificial oxidant generating systems. Ova preincubated with acetaldehyde-xanthine oxidase or hydrogen peroxide elicited significantly smaller granulomas after injection into mice than did eggs not pre-incubated in these cell-free systems (Kazura, J. W., P. de Brito, J. Rabbege, and M. Aikawa, manuscript submitted for publication).
We have demonstrated previously in vivo that the functional role of the host granulomatous reaction is the destruction of parasite eggs (8). Eosinophils and mononuclear phagocytes, the predominant cells of such lesions, were shown in the current in vitro study to inflict biologically relevant alterations in egg function. The mechanism of interference with egg metabolic and immunologic activities is currently unknown, although studies with other multicellular targets suggest that both oxidative and nonoxidative processes may be involved. How these mediators are delivered and effect damage of the viable miracidium within the hard egg shell are currently under investigation.
